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ABSTRACT
Cobalt ferrites were reduced in CO/CO2 gas mixture at 1173K, at

total pressure between 6.6x103

Pa and 3.3x10* Pa, and at €0/C0, ratios
between 11.8 and 2.9. Metallic whisker grbwth‘was found to be induced
by impurities such as CéO and K20. The steady state whisker diameter
was inversely proportional to the total gas pressure and was re]ative]y
insensitive to the CO/CO2 ratio. A new model is proposed to explain the
whisker development. It considers metal-oxide interface diffusion
coupled with a metal-oxide-gas triple junction reaction at the whisker

base. Whisker formation results for a poorly catalysed triple junc-

tion reaction, when metal-oxide interface transport is rapid.

*M. Chang is a graduate student, and L. De Jonghe* is a Senior Staff
Scientist at the Materials and Molecular Research Division, Lawrence
Berkeley Laboratory. Dr. L. C. De Jonghe is also Associate Professor-
in-Residence at the Department of Mateials Science and Mineral Engi-
neering, University of California, Berkeley, CA 94720.



I. INTRODUCTION
The formation of metal alloy whiskers has been known as the cause
of extensive swelling of many iron bearing.ores during gaseous reduc-
tion. The swelling is especia]ly pronounced when CO/CO2 gas mixtures
are used as the reducing agent. An assortment of mechanishs has been
invoked to explain fhis effect. The ore structure and composition,l'5

a range of impurities, as well as the reduction conditions
appear to have an effect. It is particularly the impurities that can
have a widely varying effect on the reduction product morphology. Some
basic oxides inc]uding NaZO, K20 and Ca0 enhance the metal nhc]ea—

9-12 while

tion rate and strongly promote iron alloy whisker formation,
MgO, MnO and SiO2 will not promote whisker growth although they may also
enhance the metal nucleation rate. Silica additions are, in fact, used
to reduce abnormal swelling during CO/CO2 reduction of iron ores.13
Sulphur also has been found to promote strongly whisker formation, even
if H2/H20 gas is used as the reducing agent.14
The reduction reaction mechanisms sofar proposed for this type of
whisker formation are generally developed along the lines of Wagner's
theory on the reduction of non-stoichiometric oxides and sulphides.ls'17
The reducing gas molecule removes oxygeh from the exposed oxide sur-
face, and the excess cations that are produced there combine with ca-
tion vacancies or fill intefstitia] sites. If Fe3+ is present it will
be reduced to Fe2+. The excess cations are then transported to a nearby
sink - a metal/oxide interface - and converted to metal. Metal alloy
nucleation considerations are then coupled with the Wagner mechanism.

Impurity build-up at the whisker/oxide/gas triple junction are often



fnvo]ved tovexplain the arrest of the whisker diameter growth. These
‘theoriés can, however, not readily account for two significant features
of whisker formation: one is that whisker formation depends on the chem-
ical composition of the gas and not just on the equivalent oxygen par-
tial presSure; a second one is_that a quasi-steady whisker diameter
develops that - as will be shown in this report - can increase or deQ
crease depending on the reduction conditions. We will argue that an
essential aspect of the reduction reactions is the removal of'oxygen
from the metal/oxide interface under the whisker, and that it in this
mechahism, together with catalytic processes af the gas/metal/oxide
junction at the whisker base, that contfo]s the morpho]bgy of the me-
tallic alloy reduction product.

II. EXPERIMENTAL PROCEDURE »

The alloy oxide 99% dense, polycrystalline cobalt ferrites were
prepared by Countis Industries.* This material contains about 0.06
wt% NiO, as well as impurities below the 100 ppm level. Specimens
were cut from the oxide, with dimensions of 10mmx1Ommxlmm. One side’
of the specimens was ground and polished with 0.03um diamond paste.

For some specimens surface damage induced by the polishing was removed

by argon ion sputtering at 7 kV, for about 30 min.

*P_0. Box 1444, San Luis Obispo, California



Some specimen surfaces were intentionally contaminated with cal-
cium or potassium prior to reduction. These specimens were dipped in

a saturated Ca(OH)2 or in a 2.55(10"2

M KOH solution and dried. These
specimens were termed “"heavily contaminated". For other specimens the
solution was removed from the surface by an air jet before drying;
this Teft much less Ca or K iron on the surface. }These specimens were
termed "lightly contaminated". Comparison of the reduction product
morphologies of these specimens with those that were not intentionally
~ contaminated would permit avqualitative assessment of the role of the
Ca+* and K+ impurities.

The specimens were suspended in a quartz tube for the reduétion
experiment. They wére heated up in air at about 13 Pa, to the desired
temperature, and then the reducing gas was introduced rapidly at a con-
trolled pressure. The reducing conditions stablished in about 30 sec.
The gas flow rate was sufficiently high to avoid any gas starvation ef-
fects. For some experiments the gas preésure was rapidly changed to a
new level during reduction. This permitted the observa- tion of the
morphological changes resulting from such treatments, on the same whis-
kers. After reduction the specimens were quenched by causing them to
drop on a copper cooling block. The quenching treatment was necessary
to preserve the meta1 alloy whiskers without reoxidation.

The product morphology was studied with a scanning electron micros—
cope (SEM) and stereo pair micrographs were taken. The morphology of
the metal/oxide interface was also examined by SEM, after the whiskers
were removed by etching partly reduced samples with a 10% Br2 solu-

tion in methanol, for 1 minute.

\



IITI. RESULTS

The general appearance of a specimen brief]y.reduced at 1173 in
COICO2 = 10 is shown in Fig. 1. The growing metal whiskers have lifted
not yet completely reduced grains of oxide, and have tangled where the
whisker density is high. The separation between the different grains
in the substrate is in good agrument with what is expected from the
spinel » wustite transformation and from continued reduction. The sep-
aration increases with reduction time and can thus yield the approxi-
mate rate at which gas/oxide interface‘recedes. The average gas/solid
intérface'velocity at times less than 10 min was found to be about
5x10'9m/sec, corresponding to an oxygen flux of about 5x10'4g atom
O/mzsec. The oxide surface becomes pitted and faceted during the re-
duction, as is shown in Fig. 2. The faces of the pits appear to be
{111} plénes, corresponding to the densest oxygen planar packing in
these cubic oxides. Figure 2 shows that the whiskers also tends to
facet. The metal/oxide interface under the whisker is revealed in
Fig. 3. Here, the same whiskers bases were located after the metal
had been removed with the bromine solution. The stereo pair micro-
graph, Fig.'3c and 3d, shows that the metal/oxide interface is again
faceted and that it is quite close to the surrounding surface. The
tendency for faceting strongly suggests that selected orientation
relationships occur between the metal whisker and the matrix. Such
orientation relationships were studied earlier for reduction of cobalt
ferrite by De Jonghe and Thomas.18

For polished and ion sputtered surfaces, metal is nucleated pref-

erentially near the grain boundaries or near pores within a grain,



as shown in Fig. 4. Examination of integranular fracture surfaces with
the scanning Auger microScope shows that the grain boundaries and pore
- surfaces are enriched in imburities much as Ca and Na as shown in Fig.
5. Auger microscopy also showed some S on pore surfaces. Thevpre-
ferred formation of metal at grain boundaries and pores of sbutter-
cleaned specimens thus indicated that impuritie§ such as Ca, Na, and S
stimulate metal nucleation. Whisker growth in lightly contaminated
specimen surfaces are shown for Ca ion, Fig. 6a, and K ion, Fig. 6c,
surface contamination. Whisker formation is now more uniform over the
sufface. For heaVi]y Ca or K ion contaminated surfaces the whisker
density increases dramatically, &s shown in Figs. 6b and 6d. The im-v
purities also appear to lead to thinner whiskers.

Variations in Whisker diamefer were observed for a given specimen,
and Were‘probably due to variations in local impurity concentrations
and in metal/oxide interfacial structure. The experiments in which the
total pressures were charged during the course of reduction permitted
the evaluation of the change in whisker diameter on the same whisker.
Figure 8 shows the whisker diameter change for a specimen reduced at
1173K for 180 sec at 1.3x104 Pa, followed by a 240 sec reduction at
0.66x10% Pa, at a constant C0/C0, = 11.8. The whisker diameter in-
creases significantly when the total pressure is reduced at constant
COICOZ. The opposite is the case for reduction in which the pressure
is stopped up, with a constant CO/CO2 = 11.8, during reduction. Fig-
ure 9 shows the change in whisker diameter for a specimen reduced at

4

1173, for 360 sec at 0.66x10" Pa, followed by reduction for 30 sec at

2.6x104 Pa. In this experiment the whiskers tended to cluster, but



the decrease in whisker diameter with increasing total gas pressure is
quite evident. The whisker diameter ratios after total gas pressure
changes are shown in Fig. 9. These results indicate that the whisker
diameter is proportional to the inverse of the total gas pressure.

At constant total pressure the whisker diameter was relatively in-
sensitive to Rg within the range tested. vaRg was changed from
12 to about 3, less than 20% change in whisker diameter was observed.
Even smallef changes were observed in whisker diameter when Ry was
changed at constant CO pressure.

IV. DISCUSSION

When oxide is reduced to metal, the metal/oxide interface must ad-
vance. In Fig. 3 it was shown that this metal/oxide interface under
the whisker remains close to the oxide/gas interface. Thus, oxygen
.must be removed from the Whisker/oxide interface at a rate that is
compatible with the rate with which.the surrounding oxide/gas inter-
face recedes. This rate was about 5x10'4 g atom Olmzsec.

The axial growth of the whisker is determined by the oxide/gas in-
terface velocity, the whisker diameter, and the average whisker spac-
ing. The diameter of the whisker is determined by a balance between
reactions and transport processes at the whisker base, as discussed
now.

Oxygen from the advahcing metal whisker/matrix oxide inferface can
be removed by three mechanism: oxygen diffusion though the metal
whisker, through the oxide bulk, or along the metal/oxide interface.

The maximum expected oxygen flux, J can be estimated to within

max?

one or two orders of magnitude from Jmax = - C-8-D Aumax/kTA, where C



is the oxygen concentration, D is the oxygen diffusion coefficient, 8
is a geometrical parameter equal to the thickness of the equivalent
circular slab through which oxygen transport near the whisker base oc-

curs, A

x is the maximum oxygen chemical potential difference be-

tween the oxygen source and sink, and A is a distance on the oxide of
the whisker radius R. For volume diffusion processes one could also
estimate 8 to be on the order of the whisker radius; for interface

diffusion 8 Wou]d become equal to the interface "thickness" and would
be on the order of a few lattice parameters. In a cylindrical geom-

etry, one should have, in the steady state, that Jmax = CovRIZ, since

nRZCoV = Z"RJmax’ where Co is the oxygen concentration in the oxide.

Since v was measured to be about 5x10—%m/sec, Jmax should be about

5x10'4g atom 0/m2 sec. Then, putting Bupay = kTe In (pg pg)llz, where
2

: 2
experimentally p82/p82= 100, and 8 = A = 10‘6m, then require C D >

-11 -11

2.5x10 C-D > 2.5x10 g atom 0/m sec.

Oxygen diffusion through the oxide is expected to be very slow; if

it is estimated that the 0 diffusion coefficient in the wustite is

19

comparable to that in CoO, measured by Chen and Jackson,”” then D =

10'20 mzlsec around 1173K, which C = 1x105 g atom 0/m3. Clearly, oxy-

gen diffusion through the oxide phase is not a 1ikely mechanism. Oxy-
gen transport data fore the FCC Fe-Co alloys that constitute the whis-

kers are not available. For FCC iron, at 900°C, the solubility limit

20

is around 2 ppm, so that is now about 6x10"1 g atom 0/m3, with D =

3x10"11m2/sec.20 This gives C<D = 2xlO'11 g atom O/m sec. For FCC co-

balt at 800°C, D might be extrapolated from diffusion data obtained by

21

Grundy and Nolan“" giving D = 3x10'13m2/sec. C for cobalt was deter-
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mined by Seybolt et al.““ and is about 6x10™" g atom 0/m3 at the solu- .
bility limit, around 1173K; This gives again C:D- = 2x16'11'g atom O/cm
sec. Since there are significant uncertainties in the estimates of the
parameters, the Correspondence of these values to the experimenta] val-
ue of C-D is fortuitous. Oxygen transport from the metal/oxide inter-
face through the whisker bulk metal might thus be possib]e. No data
are available for oxygen transport along the metal/oxide interface at
the whisker base, but results on hydrogen reduction of cobalt ferrites,

reported by Porter and De Jonghe,23

suggest that it can be very fast.
Interface oxygen transport is thus also a pessible mechanism. Which

of the two mechanisms is dominant may be decided on the basis of the
morphology 6f the dense metal reduction product that forms on pure |
wustite reduced with €0/C0,, at 1173K, for 180 sec, Fig. 10. The very
flat geometry of the formed metal cannot be obtained when oxygen dif-
fusion through the metal is dominant. Indeed, a lenticular shaped
product should develop, as shown qualitatively in Fig. 11. The rate

bf radial growth of the metal layer the surface, L, is controlled by a
chemical reaction, since diffusional processes very near the junction
metal edge can no longer be rate controlling. L should then be approx-—
imately constant. This would Tead to a metal product phase profile,
assuming parabolic layer thickness growth kinetics, described approxi-
mately by y = D[t-(r/L)]llz. This is not observed. When metal/oxide
interface transport is dominant, a flat product phase morphology should
be expected. A detailed analysis of this transformation morphology de-

velopment permits evaluatin of the oxygen interface transport rate, and

will be reported later. It is therefore concluded that oxygen trans-



port along the metal/oxide interface is, in fact, the dominant mechan-
ism during reduction of the oxides under consideration-here.

During the whisker growth formation a quasi-steady state prevails,
.and the metal/oxide interface advances with a rate, v, determined by
the overall reaétibn rate at the gas/oxide interface. The rate of
oxygen removal from under the whisker must then equal the rate of the
gas/solid reaction at the metal/oxide/gas triple junction, JR. Re-

ferring to Fig. 12, one has in cylindrical coordinates:

Since a quasi steady state is assumed, one also has
V. * (Jg8) = Cv (2)
or
v2y = - kTv/D.6 - ‘ (3)
rfo = B'
with
Vphg = 0 atr =0, My = HT at r = R, and My = ¥g at r = 0,

this yields

R o
Equation (4) with g = Mg At 1T = 0 gives
R% = 408 (uy - up) /KTv | (5)

The radius of the whisker will depend on the oxygen chemical po-
tential established at the triple junction, Hys ON the oxygen solid
state transport rate, and on the reduction rate, v. ur is between

u_ and Moo and depends on the gas/solid reaction rate and mechanism

g
at the whisker base. This will, in turn, depend on the local catalysis
process, which can be strongly affected by the gas composition and by

the surface impurities. For a well catalyzed, rapid reaction up > Mg
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and the whisker diameter is oxygen interface diffusion controlled. This

would give the maximum whisker diameter with R « v1/2. At the gas pres-

23

sures used in the present experiments, v is proportional to P,“” so that

1/2

RxP would be expected. For a poorly catalzed reaction, the triple

junction reaction becomes rate controlling, and uy approaches Moo giv-
ing small diameter whiskefs. One may also write for the quasiégteady
state: | _ |

2R3y = wC ROV (6)
where JR is the gas/solid reaction rate at_the triple junction, so
that with Eq. (5)

(ug - up) = KT 32/Dg6vC2, | (7)

For gas/solid reactions JR will probably follow Langmuir-Hinchel-
wood kinetics, ranging between linear and constant as a function of gas
pressure. Thus (“e'"T) would be proportional to v for JR“ v, and pro-
portional to 1/v for JR ='constant, since v is proportional to P. In
these two limiting éases, Eq. 5 predicts that one would observe R =
constant on R «1/P. Figure 9 shows that the average whisker diameter
as a function of total gas pressure at Rg = constant was inversely
proportional to P, supporting a reaction mechanism with JR constant.
Impurities such as S strongly promote whisker formation,14 and S is
known to be strongly absorbed on metal but not on oxide, so it is rea-
sonable to assume that the relevant catalytic processes occur on the
metal rather than on the oxide surface. These possible species can
then be considered for removing oxygen from the triple junction:

1) gaseous CO: CO(g); 2) molecularly adsorbed CO: CO(ma); and 3) dis-

sociatively adsorbed CO, i.e. carbon: CO(da). If CO(g) were controll-
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ing the reantion, then JR would have to depend on P. Since this was
not observed, direct oxygen removal by CO(g) is not expeéted. Oxygen
removal by CO(ma) at incomplete surface coverage would give the same
result andncan also be eliminated. Thus, either CO(ma) or CO(da), at
near,compléte coverage, would seem to be the species involved in the
rate controlling reaction. At the temperatures and gas pressures used
here only strongly adsorbed species can give a significant degree of
surface coverage. From the work of Benzinger and Madix,25 it is
clear that CO(ma) coverage in iron, and thus likely also on Fe-Co al-
loys, can only be éxnécted to be small above 400K, thus leaving the
more strongly bound CO(da) as the next likely species involved in the
rate controlling triple junction reaction. Since this reaction ap-
peared to be nearly independent of the gas pressure, it would have to
be assumed that the CO(da) in near saturation. This correéponds éf—
fectively to the pressure of a surface carbide. Such a surface carbide
would not be unreasonable in view of the strong CO(da) adsorption.25
CO2 adsorption is unlikely to be involved in the rate controlling
triple junction reaction, since it is known to be a weekly adsorbed
species on metals.26

In a first approximntion, one could express the reaction velocity,
v, as a first order reaction:

v =8' [CO(g)], e' [CO,(g)]. v (8)

Thus, since P = [CO(qg)] + [COZ(g)] and with [CO(g)]/[COz(g)] =R _, one

g
has that
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where Rg° is the metal-oxide equilibrium value of Rg‘ Combination of
Eqn. (9) and Eqn. (6), with JR constant, thus would predict that R

would be relative insensitive to the range of R_ values and hence, at

g
constant P, since Rg was several times larger than Rg°. The experi-
mental observation of the relative insensitivity of the whisker radius
to changes in Ry at constant P are in_agreement with this prediction.

One last point that merits discussion is the atomic mechanism by
which the whiskers changés diameter when the gas pressure is changed.
Clearly, the changes in whisker diameter cannot be explained on the
basis of arrésted growth after nuc]eatioh.v The changes in whisker
diameter can, however, be understood if we consider their increasing
or decreasing diameter.together with the interface oxygen removal. A
schematic series of drawings, Fig. 13, illustrates how the diameter
changes may be accomplished simply when the quasi-steady state has not
yet been reached. The shaded area in this figure indicates where oxy-
gen has been removed. This model implies that the radial growth of
the whisker also involves a reduction reaction.

V. CONCLUSIONS »

Whisker growth during CO/CO2 reduction of cobalt ferrites, and'
likely other iron bearing oxides, is due to oxygen transport limita-
tion from under the advancing metal/oxide interface.  The transport

limitation is caused by ineffective catalytic processes at the metal/ox-

ide/gas junction in CO/CO2 reduction.
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Figure Captions

Fig. 1. Stereo micrograph of cobalt ferrite reduced in co/co, = 10.
Some partly reduced grains have been‘]ifted of f thé surface. Metal
whiskers tangle where their density is high. The separation be-
tween the grains in the substrate is due to the spinel » wustite
transformation as well as to further wustite reduction.

Fig. 2. Metal whisker and pitting of the oxide surface. The pit
facets are {111} planes. The metal whisker also tends to facet.

Fig. 3. The whiskers (1173K, COICO2 = 11.8, 0.66x104Pa, 300 sec) in
figure a, have been removed by etcﬁing with 10% Brz-methanol
for 1 min in figure b. The area boxed in figure b is shown en-
larged in the stereo pair figures c and d. The metal/oxide inter-
face under the whiskers,vshoﬁn in figures ¢ and d, is slightly be-

low the neighboring surface, and also tends to facet.

Fig. 4. For polished and ion sputtered surfaces, whisker nucleation
is confined to the grain boundary areas.

Fig. 5. Intergranular fracture surfaces of the cobalt ferrites.
Figure a is an SEM image of the same area shown by Ca mapping in
figure b and by Na mapping in figure c with the scanning Auger
microscope.

Fig. 6. a) Whisker formation on "lightly" Ca contaminated surface.

b) Whisker formation on "heavily" Ca contaminated surface.

c) Whisker formation on "lightly" K contaminated surface.

d) Whisker formation on "heavily" K contaminated surface.
A1l specimens were deduced at 1173K with COICO2 = 11.8, at a total

4

gas pressure of 1.3x10'Pa.
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Fig. 7. Stereo pair of whisker diameter change'for a specimen reduced
at 1173K for 180 sec at 1.3x10% Pa fd]lowed by a 240 sec reductioh
at 0.66x104 Pa, at CO/CO2 = 11.8. The whisker diameter changes by
about a factor of 2.

- Fig. 8. Stereo pair of whisker diameter change for a specimen reduced

at 1173K, for 360 sec at 0.66x104,Pa, followed by a reduction for
30 sec ét 2_.6x104 Pa. The whisker splits up into several smaller
diameter whiskers. v |

Fig. 9. whisker diameter ratio as a function of total gas pressuré
ratio for experiment of the type shown in Figs. 7 and 8.

Fig. 10. Morphology of dense iron formed on dense FeO after reduction
at 1173k, for 180 sec, with COICO2 = 11.8. The iron forms as a
thin layer that spreads radially over the surface of the oxides.

Fig. 11. Geometry of dense Fe on Fe0 expected when oxygen diffusion
through the dense Fe product would be rate controlling. L is the
radial growth rate of the Fe.

Fig. 12. Whiskef geometry. ‘The oxide/gas interface is advancing
with a velocity v.

Fig. 13. Schematic illustration of the méchanism by which the changes
in whisker diamefer can occur. The shaded area is the new metal
formed. The axial growth at rate, a, is accomplished by supply of

metal ions from the neighboring metal/oxide interface.
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Figs. 3 A,B
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Fig. 3C
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Fig. 4
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Fig. 5
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Figs. 6 A,B,C,D
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Fig. /
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Fig. 8
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Fig. 11
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